Background-As a measure of stroke severity, the National Institutes of Health Stroke Scale (NIHSS) is an important predictor of patient-and hospital-level outcomes, yet is often undocumented. The purpose of this study is to quantify and correct for potential selection bias in observed NIHSS data. Methods and Results-Data were obtained from the Michigan Stroke Registry and included 10 262 patients with ischemic stroke aged ≥65 years discharged from 23 hospitals from 2009 to 2012, of which 74.6% of patients had documented NIHSS. We estimated models predicting NIHSS documentation and NIHSS score and used the Heckman selection model to estimate a correlation coefficient (ρ) between the 2 model error terms, which quantifies the degree of selection bias in the documentation of NIHSS. The Heckman model found modest, but significant, selection bias (ρ=0.19; 95% confidence interval: 0.09, 0.29; P<0.001), indicating that because NIHSS score increased (ie, strokes were more severe), the probability of documentation also increased. We also estimated a selection bias-corrected population mean NIHSS score of 4.8, which was substantially lower than the observed mean NIHSS score of 7.4. Evidence of selection bias was also identified using hospital-level analysis, where increased NIHSS documentation was correlated with lower mean NIHSS scores (r=-0.39; P<0.001). Conclusions-We demonstrate modest, but important, selection bias in documented NIHSS data, which are missing more often in patients with less severe stroke. The population mean NIHSS score was overestimated by >2 points, which could significantly alter the risk profile of hospitals treating patients with ischemic stroke and subsequent hospital risk-adjusted outcomes. (Circ Cardiovasc Qual Outcomes. 2016;9:286-293.
T he National Institutes of Health Stroke Scale (NIHSS) is a commonly used measure of stroke severity collected in stroke trials, registries, and other clinical studies. 1, 2 NIHSS is one of the strongest predictors of outcomes in patients with ischemic stroke, but documentation of NIHSS in clinical registries is often incomplete. [3] [4] [5] In the Get With the Guidelines (GWTG)-Stroke national registry, NIHSS documentation has increased from <50% before 2009 3 to 70% in 2012. 6 Despite the marked increases in documentation, a substantial number of patients still do not have documented NIHSS.
The Centers for Medicare & Medicaid Services (CMS) have considered adding 30-day measures of hospital-level ischemic stroke mortality and readmissions to its pay-for-performance programs. 7, 8 Because of the importance of NIHSS to clinical outcomes, it has been argued that risk adjustment models used to calculate hospital-level performance metrics should include a measure of stroke severity. [9] [10] [11] Current risk adjustment models for these measures do not include a measure of stroke severity, such as NIHSS. 12 But a recent call for public comment indicates that CMS is considering new risk adjustment models which include NIHSS when it becomes available in International Classification of Diseases Tenth Revision coding. 13 Because CMS performance measures are calculated using a complete case analysis, any risk adjustment model that includes NIHSS would exclude patients with missing NIHSS data. If there are systematic differences between ischemic stroke patients with and without documented NIHSS scores, then the subset of patients used to calculate CMS performance measures is subject to selection bias.
Although evidence has suggested that incompletely documented NIHSS data are subject to selection bias, 6 no study has formally tested this hypothesis or attempted to correct the bias. Therefore, the aims of this study are 3-fold: (1) to identify significant predictors of NIHSS documentation in an established stroke registry, (2) to test for and quantify the amount of selection bias in documented NIHSS data, and (3) to estimate the corrected population NIHSS mean after accounting for selection bias. To accomplish these aims, we use the Heckman selection model, an established econometric method used to quantify and correct for bias derived from nonrandom samples. 14 Additionally, we will explore how patient-level documentation of NIHSS alters hospital-level estimates of NIHSS, which may have important consequences in risk adjustment for hospital profiling.
Methods

Data Source and Participants
Details of the Michigan Stroke Registry (MSR), a statewide clinical registry that is a part of the Paul Coverdell National Acute Stroke Registry, have been described previously. [15] [16] [17] The MSR collects information on many patient-level characteristics including demographics, hospital admission information, and clinical information, including stroke severity (NIHSS), ambulatory status, and medical history. For this analysis, we abstracted 18 280 cases with acute ischemic stroke from 39 hospitals in the MSR from 2009 to 2012. To increase the generalizability of our findings to ischemic stroke populations used in CMS publicly reported measures, we excluded 6752 cases (36.0%) because they were aged <65 years and 991 cases (5.4%) from 16 hospitals with <25 annual case volume of ischemic stroke discharges (the minimum number of cases required for publicly reported CMS performance measures). 12 We also removed observations with any missing covariate data (n=455, 2.5%). Therefore, the final sample contained 10 262 cases from 23 hospitals. Because this study was a secondary analysis of de-identified data, it was deemed exempt from human subjects review.
NIHSS Data
The NIHSS is a composite measure of 11 stroke symptoms 1 and is an integer that ranges from 0 to 42, with 0 representing no stroke symptoms and 42 representing the most severe form of stroke. Because patient-level NIHSS score was highly right-skewed, it was transformed to a normal distribution using a Box-Cox transformation. For this analysis, a patient-level binary indicator for NIHSS documentation was created (documented versus undocumented). We also calculated the hospital-level average NIHSS score and documentation rate (%) for each hospital in each year (2009-2012).
Covariates
Several patient-level covariates were considered in this analysis. Demographic characteristics included age, sex (male versus female), race (white, black, other, and not documented), and insurance status (Medicare, Medicaid, private, and no insurance). Hospital admission information included place stroke occurred (home versus a healthcare setting), arrival mode (emergency medical services, private transportation, and transferred in), arrival to the emergency department (ED), symptoms resolved before arrival, and tissue-type plasminogen activator (tPA) administration. Patient-level clinical variables included prestroke ambulatory status and medical history (diabetes mellitus, congestive heart failure, peripheral artery disease, hypertension, current smoker, and history of stroke, transient ischemic attack, and myocardial infarction/coronary artery disease). Characteristics of patients with and without documented NIHSS data were described, and bivariate associations were tested using χ 2 tests and t tests for categorical and continuous variables, respectively.
Heckman Selection Model
The Heckman selection model is an econometric method originally developed to correct biased population estimates derived from nonrandom samples. 14, 18 The Heckman model consists of 2 jointly specified models, a linear regression outcome model predicting the outcome of interesting (ie, NIHSS score) and a binary probit selection model predicting whether the outcome was observed or unobserved (ie, NIHSS documentation). The Heckman model can be estimated in several ways 19 ; further explanation of the statistical theory behind the model used in this study can be found in the Appendix I in the Data Supplement.
Briefly, we used the PROC QLIM procedure in SAS 20 and the heckman command in Stata 21 to use the maximum likelihood estimation method, which estimates the outcome and selection models simultaneously. The maximum likelihood estimation method assumes that the error in the outcome equation is jointly normally distributed with the error in the selection equation. As a sensitivity analysis, we also estimated the Heckman model using the 2-step procedure and found that our results did not change, indicating that our data are not sensitive to the joint normality assumption. 19 Nonsignificant covariates (P<0.05) were manually removed from both models using a purposeful backward selection process. It is standard practice for all significant covariates identified in the outcome model to be included in the selection model, regardless of statistical significance in the selection model. In addition to the patient-level characteristics, we added hospital fixed effects into the selection model, to account for hospital-level differences in NIHSS documentation. We report robust SEs against model misspecification, and because this is a sensitivity analysis, we also report cluster robust SEs which account for the clustering of patients within hospitals. From the selection model, we estimated the average marginal effect (AME) of each variable on the probability of NIHSS documentation in the population. A positive AME indicates that, on average, the predictor increases the probability of NIHSS documentation, whereas a negative AME indicates that the predictor decreases the probability of documentation. The outcome model coefficients represent factors associated with more severe (positive sign) and less severe (negative sign) stroke symptoms and reflect the change in transformed NIHSS score per 1-unit increase in a variable or compared with the referent category.
Assessments of Selection Bias
In the presence of selection bias, the outcome is dependent on a selection process (ie, the selection model), which is indicated by
WHAT IS KNOWN
• The National Institute of Health Stroke Scale (NIHSS) is a commonly used and important prognostic measure of stroke severity, but it is often undocumented in clinical registries and completely absent from International Classification of Diseases Ninth Revision-coded administrative data. • It is unclear whether patients with documented NIHSS are a biased sample of all patients with ischemic stroke and what effect this bias could have on hospital risk-adjusted outcomes.
WHAT THE STUDY ADDS
• Using the Heckman selection model, we found modest but important selection bias in patients with documented NIHSS, which are missing more often in patients with less severe stroke. • After correcting for selection bias, the population mean NIHSS was >2 points lower than the observed NIHSS score. • At the hospital level, increased documentation was associated with reduced hospital-level mean NIHSS, indicating that hospital risk-adjusted outcomes could be biased because hospitals with lower reporting of NIHSS seem to have a more severe case mix of patients.
a statistically significant, nonzero correlation coefficient between the error terms of the 2 models. The correlation coefficient ranges from +1 to -1 (with 0 representing no selection bias). In our study, a positive correlation would indicate that because the NIHSS score increases (ie, strokes are more severe), the probability of NIHSS documentation increases. Conversely, a negative correlation indicates that as NIHSS score increases, the probability of NIHSS documentation decreases. We tested the null hypothesis of no selection bias using the Wald test. If there is evidence of significant selection bias, the outcome model jointly specified with the selection model can estimate a corrected NIHSS score from the outcome model corrected for selection bias. We estimated the predicted transformed NIHSS value for all patients (n=10 262) and back-transformed it to its original NIHSS score. The mean of the predicted NIHSS scores represents the estimated population mean NIHSS, corrected for selection bias. Finally, we explored how missing NIHSS data translate to the hospital-level data by examining the correlation between hospital-level NIHSS documentation rates (%) and the average hospital-level NIHSS scores for all 23 hospitals in the registry in each year (2009-2012). All analyses were conducted with SAS version 9.4 (SAS Institute, Inc., Cary, NC) and Stata 14 (StataCorp, College Station, TX). 20, 21 Results NIHSS was documented in 7654 of the 10 262 patients with ischemic stroke (74.6%) from 23 hospitals. Patient-level characteristics for patients with and without documented NIHSS are presented in Table 1 . There was a significantly lower percentage of patients whose symptoms had resolved by the time of hospital arrival in those with NIHSS documented compared to undocumented (3.6% versus 15.8%; P<0.001; Table 1 ). Another striking difference was in tPA administration rates between those with and without documented NIHSS (9.5% versus 1.7%; P<0.001). Table 2 shows the β coefficients and SEs for the selection model of the Heckman model, as well as the AME of each variable. After accounting for hospital fixed effects, there were modest effects to variable AMEs, with strokes occurring at home, hospital transfers, and history of atrial fibrillation becoming nonsignificant predictors of NIHSS documentation. Future work should explore the validity of imputation methods for missing NIHSS data, and its impact on hospital performance profiling, particularly in hospitals with poor NIHSS documentation. Patients who received tPA had a 22% increased probability of NIHSS documentation compared with untreated cases, whereas patients whose symptoms resolved by ED arrival had a 37% to 38% reduced probability of documentation compared with patients with unresolved symptoms. Increased probability of documentation was also associated with arrival through the ED and a history of atrial fibrillation and dyslipidemia. Reduced probability of documentation was associated with patients unable to ambulate or unknown ambulatory status and history of stroke. When using cluster robust SEs, history or stroke became nonsignificant ( Table I in the Data Supplement).
The results of the outcome model can be seen in Table 3 . Patients who were older, female, with strokes that occurred at home, arrived via hospital transfer (compared with routine emergency medical service arrival), received tPA, were not ambulatory or had unknown ambulatory status before stroke, had a history of atrial fibrillation, stroke, or heart failure were all associated with more severe strokes (ie, positive model coefficients). Patients with symptoms that resolved by the time of ED arrival, arrival via private transportation (compared with routine emergency medical service arrival), and history of dyslipidemia were associated with less severe strokes (ie, negative model coefficients).
When including only patient characteristics, we found statistically significant correlation between the selection and outcome model errors (ρ=0.12; 95% confidence interval, 0.02-0.22; P=0.018; Table 3 ). But when using cluster robust SEs, the correlation coefficient became nonsignificant (ρ=0.12; 95% confidence interval, -0.06 to 0.31; P=0.194; Table II in the Data Supplement). When we included hospital fixed effects, the magnitude of selection bias increased (ρ=0.19; 95% confidence interval, 0.09-0.29; P<0.001), and this correlation coefficient was unchanged and remained statistically significant when using cluster robust SEs (ρ=0.19; 95% confidence interval, 0.002-0.38; P=0.047; Table II in the Data Supplement). Because we found evidence of selection bias, we used the corrected Heckman outcome model to estimate the corrected mean NIHSS, which was >2 points lower (mean without fixed effects=4.9 and with fixed effects=4.8) than the observed population mean NIHSS (mean=7.4).
The Figure illustrates the correlation of hospital-level documentation rate (%) against the mean hospital-level NIHSS score for all 23 hospitals in each year (2009-2012). The significant negative correlation coefficients (Spearman r=-0.39; P<0.001 and Pearson r=-0.43; P<0.001) indicates moderate correlation between increased NIHSS documentation rate and lower mean NIHSS score at the hospital level. These findings suggest that hospitals with better NIHSS documentation capture less severe strokes more often, thus lowering their mean NIHSS score.
Discussion
Using the Heckman selection model, we found evidence for selection bias in documented NIHSS data, indicating that because stroke severity increases, the probability of documentation increases. Because of this selection bias, the population mean NIHSS score was overestimated by >2 points (observed mean=7.4 versus corrected mean=4.8). To our knowledge, this is the first study to quantify the magnitude of selection bias in documented NIHSS data and then correct the population estimate of NIHSS for this bias. Applying the Heckman selection model in this instance is a novel application of a commonly used method in econometrics to quantify and correct for selection bias. On the basis of existing prediction models for stroke outcomes, which illustrate that NIHSS is the largest contributor to estimates of mortality risk, 3,5 a 2-to 3-point shift in the population distribution of NIHSS could substantially change the predicted risk profile of a given hospital population.
We also demonstrated that hospital-level documentation of NIHSS is an important factor when considering bias in reported NIHSS scores. Hospital fixed effects in the selection model significantly predicted documentation rate and increased the magnitude of the correlation coefficient, indicating more selection bias. Furthermore, we found a moderate, statistically significant correlation between increased hospital documentation rate of NIHSS and reduced hospitallevel mean NIHSS (Spearman r=-0.39; P<0.001 and Pearson r=-0.43; P<0.001), which further corroborates the presence of selection bias in NIHSS documentation. Evidence from the national GWTG-Stroke program also suggests selection bias in documented NIHSS data and shows a similar Spearman correlation between hospital-level documentation and NIHSS score (r=-0.21; P<0.001). 6 Both findings demonstrate that when NIHSS documentation is poor, lower severity cases are disproportionately missing, which inflates the hospital mean NIHSS score. Thus, hospitals with worse reporting of NIHSS may seem to have a more severe case mix of patients, than hospitals with better reporting of NIHSS. When risk adjustment models are applied to hospitals appearing to have a more severe case mix, their risk-adjusted outcomes are less likely to be outliers.
Other factors predicting NIHSS documentation in our study should be noted. We found that tPA administration was much higher in patients with documented NIHSS data than those with undocumented NIHSS data (9.5% versus 1.0%); the Heckman model indicated that tPA-treated cases had a 22% increased probability of NIHSS documentation. A previous study using national GWTG-Stroke data also found that documentation of NIHSS was higher in patients who were candidates for tPA, that is, documentation was higher in patients who arrived by ambulance and within 3 hours of onset. 6 It may also explain why patients who arrived to the ED had greater probability of documentation because they are more likely to be potential candidates to receive tPA. It is unclear as to why patients who were not ambulatory prestroke were less likely to have NIHSS documented, and further research should investigate this finding.
We also found that patients whose symptoms resolved by ED arrival had a 37% lower probability of NIHSS documentation and were strongly predictive of less severe strokes in our outcome models. Patients with resolved symptoms represented 16% of the undocumented cases in this data set. If we assume that resolution of symptoms is accurately recorded in the ED, then such patients could have imputed NIHSS to 0. In patients with observed NIHSS score, the median (interquartile range) NIHSS score for patients whose symptoms had resolved was 0 (0-2). However, because 32% of patients with symptoms recorded as resolved had an NIHSS >0, further examination of stroke symptoms should be conducted to ascertain the appropriateness of imputing a 0 NIHSS score for these patients.
Statistical methods such as multiple imputation may be used to correct for bias caused by missing data. 22 These methods are useful if data are missing completely at random or missing at random, which is to say missing data patterns are associated with some observed variables but not related to the unobserved data itself. 23, 24 On the contrary, the Heckman model assumes that data are subject to selection bias (termed missing not at random). In our study, we confirmed this fact by finding that missing NIHSS data were related to the score itself. It should be noted that no statistical tests can distinguish between missing at random and missing not at random mechanisms, and multiple imputation methods may not be effective at correcting for bias in the missing not at random scenario. [24] [25] [26] [27] [28] But in either case, missing at random or missing not at random, estimates from a complete case analysis of the data are likely to be biased. Future work should explore the validity of these methods to impute NIHSS scores for missing data and the impact hospital performance profiling, particularly in hospitals with poor NIHSS documentation.
This study should be interpreted in light of the limitations in the methods and data. As noted above, the Heckman 
Table 2. Model Coefficients (Robust SEs) and Average Marginal Effects (95% Confidence Limits) on the Probability of NIHSS Documentation From the MLE Heckman Selection Model, Without and With Hospital Fixed Effects (n=10 262)
Variable
MLE Selection Model (Without Hospital Fixed Effects) MLE Selection Model (With Hospital Fixed Effects)
Coefficient (SE) AME (95% CI)* Coefficient (SE) AME (95% CI)* selection model relies on a correctly specified model; failure to do so may result in biased estimation of the Heckman model correlation coefficient and the subsequent estimate of the population mean outcome. 29 The sample of hospitals used in this study is a subsample of MSR hospitals and may not be representative of all Michigan hospitals or hospitals nationwide. Compared with patients in the nationwide GWTG-Stroke registry, a greater proportion of MSR patients were admitted to teaching hospitals (93% versus 61%) and Joint Commission primary stroke center hospitals (78% versus 65%). 30 This analysis should be repeated in a larger, more representative sample of hospitals to confirm our findings. Furthermore, data abstraction in the MSR hospitals has clearly defined data abstraction procedures, and NIHSS documentation is likely higher than that in hospitals not participating in acute stroke registries. We note that NIHSS documentation rates in the MSR hospitals were in the same range as those cited by the GWTG-Stroke registry hospitals in 2012 (≈70%). 6 Further research should assess the completeness and validity of NIHSS in other non-registry-based clinical and administrative data, including EMR systems, particularly after implementation of International Classification of Diseases Tenth Revision-coding changes, 13 which now includes a code for the NIHSS score. Finally, information on who recorded NIHSS for a given patient, and when the assessment occurred, are not currently collected in the registry. Process measures designed to capture NIHSS documentation should ideally include information on the timing of the assessment and the type of staff member who performed the assessment because both variables may influence the NIHSS score. Nevertheless, our findings have important implications when deciding whether to include NIHSS in risk adjustment models in hospital profiling. Accurate risk adjustment in hospital profiling requires that variables used in multivariable risk adjustment model be of sufficiently high quality and completeness. 10, 31 A recent scientific statement on risk adjustment of stroke outcomes raised concern that risk adjustment models that do not include NIHSS data may be seriously biased. [9] [10] [11] With the rollout of International Classification of Diseases Tenth Revision coding, NIHSS should be available for inclusion in future risk adjustment models. However, given our findings, we think that inclusion should be approached with caution because hospital-level performance measures based on a risk adjustment model including NIHSS may be biased if NIHSS data generated from International Classification of Diseases Tenth Revision are missing to any significant degree.
Ultimately, CMS will decide whether or not risk adjustment models for stroke performance measures will include a measure of stroke severity, such as NIHSS. If CMS decides to include NIHSS in risk adjustment, it may reduce bias against hospitals treating a more severe case mix of patients if NIHSS documentation is not subject to selection bias. If NIHSS data are missing for patients with less severe stroke, hospital riskadjusted outcomes would shift toward the null, compared with if NIHSS data had been included on all patients. Moreover, in the absence of a valid imputation method, dropping observations with missing NIHSS data also lowers sample size, which can dramatically reduce the precision of hospital risk-adjusted outcome measures. 32 In this case, hospitals with low documentation would also be less likely to be statistical outliers.
Alternatively, CMS could implement a process measure for NIHSS documentation, as the American Heart Association and American Stroke Association have included in their clinical performance measure suite. 33 This step would presumably increase the documentation of NIHSS and lay the groundwork for risk adjustment models to include NIHSS. CMS could also choose to impute every case with missing NIHSS to a score of 0. If NIHSS score of 0 were imputed for all missing NIHSS data, the predicted probabilities of mortality would be lower than expected for all patients who had an actual NIHSS score of >0. As such, hospitals would seem to have more observed deaths than expected and worse risk-adjusted mortality overall. Imputing zero may be a viable way of incentivizing hospitals to document NIHSS more completely.
Conclusions
In this study, we demonstrate that there was modest, but important, selection bias in documented NIHSS data, which are missing more often patients with in less severe stroke. The population mean NIHSS score was overestimated by >2 points, which could significantly alter the risk profile of hospitals that treat patients with ischemic stroke. Additionally, lower hospital-level NIHSS documentation rates were correlated with higher mean NIHSS scores, indicating that hospitals with lower reporting of NIHSS seem to have a more severe case mix of patients. These findings suggest that although the selection bias resulting from undocumented NIHSS is modest, it could have important effects on hospital profiling. Further research is required to assess the extent to which the prevalence and mechanism of missing NIHSS data affect the accuracy of hospital profiling of stroke outcomes.
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